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Summary 


An investigation has been conducted to determine the hydrodynamic 
force characteristics of an aspect-ratio-0.125 modified flat plate 
mounted on a single strut and operating at several depths of submersion. 
Comparisons were made between these data and similar data previously 
obtained on flat plates having aspect ratios of 1.00 and 0.25 and with 
various aerodynamic theories. These comparisons indicate that decreasing 
either the aspect ratio or depth of submersion decreased the lift coef- 
ficient, drag coefficient, and lift-drag ratio. The center of pressure 
moved rearward with decreasing aspect ratio and forward with decreasing 
depth of submersion except for the aspect-ratio-0.125 plate at angles of 
attack above 8°. For these angles, the center of press\jre moved, rear- 
ward for decreasing depth of submersion. 

Cavitation at the leading edge caused a gradual decrease in lift 
coefficient and a gradual increase in drag coefficient. The planing- 
bubble type of high-angle separation caused sharp decreases in lift, 
drag, and moment coefficients. The ventilation boundaries defining the 
start of the high-angle separation moved to higher speeds and higher 
angles as the aspect ratio was decreased. 

A theory obtained by modifying Falkner's vortex- lattice theory, 
which had shown good agreement at all angles for aspect ratios of 1.00 
and 0.25, agreed with the data for the aspect-ratio-0.125 plate except 
at angles above l6° where the predicted lift proved to be too high. 


INTRODUCTION 


Results of a hydrodynamic investigation of submerged rectangular 
flat plates having aspect ratios of 1.00 and 0.25 were presented in ref- 
erence 1. The purpose of the investigation described In this paper was 
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to extend the range of data available to include that for an aspect ratio 
of 0 . 125 . 

Experimental data were obtained in Langley tank no. 2 by using a 
modified rectangular flat plate having an aspect ratio of 0 . 125 , mounted 
on a single strut, and operating at several depths of submersion. Lift, 
.drag, and pitching moment about the trailing edge were obtained and the 
effects of certain flow phenomena which were observed draring the tests 
are discxissed. Comparisons of these data with the data from reference 1 
are presented,; these comparisons show the effects of aspect ratio on the 
hydrodynamic characteristics. The lift data obtained at large depths, 
a condition which approximates the infinite medium of the aerodynamic 
case, are compared with values predicted by various aerodynamic theories. 


SYMBOLS 


Cl 

Cm 

c 

D 

L 

M 

S 

V 

P 


drag coefficient, — ^ 5 — 

^pV^S 

lift coefficient, — - — 

lpV2s 

pitching-moment coefficient about trailing edge, r— — 

- ipV^Sc 
2 

chord of lifting surface, ft 
drag, lb 
lift, lb 

moment about the trailing edge, ft-lb 
area of lifting s\irface, sq. ft 
forward velocity, ft/sec 
density, slugs/cu ft 


The subscript 6 denotes a depth of submersion of 6 inches. 
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MODEL, APPAEATUS, AND PROCEDURE 


The model used was a modified rectangular flat-plate surface with 
an aspect ratio of 0.125 mounted on a single strut. Like the models 
used in the tests of reference 1, this lifting surface had the leading 
edge rounded to a 2:1 ellipse and the afterportion beveled so that the 
included angle at the trailing edge was 10°. A drawing of the model is 
shown in figure 1. 

The strut used in this investigation is the same as that used in 
reference 1 and is mounted in the same location relative to the lifting 
surface. The strut, which had an NACA 663^-012 airfoil section, was 
mounted so that the station I.182 inches back of the leading edge of the 
strut was a distance equivalent to 45 percent of the lifting surface 
forward of the trailing edge of the surface. The strut was moionted per- 
pendicular to the plate and had no fillets at the intersection with the 
upper surface. Both the model and the strut were made of stainless 
steel and polished to a smooth finish. Tests were made by using the 
Langley tank no. 2 carriage with strain-gage balances to measiire inde- 
pendently the lift, drag, and pitching moments. The pitching moment 
was measxired about an arbitrary point above the model and the data thus 
obtained were used to calculate the pitching moments about the trailing 
edge . 


All tests were r\m with a windscreen which reduced the aerodynsunic 
tares and aerodynamic effects on flow patterns to negligible values. 
Before each run, measxirements were taken in the "at rest" condition with 
the model submerged and the values thus obtained were subtracted from the 
data obtained during the run; therefore, the buoyancy of the model and 
strut was not included in the data. The hydrodynamic strut tares were 
not subtracted from the data. 

Force measurements were made at constant speeds for fixed angles 
of attack and depths of submersion. The depth of submersion is defined 
as the distance from the \mdistvirbed water sxorface to the point on the 
model nearest the surface. Tests were run at four depths of submersion 
(0.5, 1.0, 5.0, and 6.0 inches) over a range of angle of attack from 
0° to 20°. The range of speed covered at each depth and angle of attack 
was determined by the capacities of the balances. 

The change in angle of attack due to structural deflection caused 
by the forces on the model was obtained in the calibration of the balances 
and the data were adjusted accordingly. The depth of submersion was 
adjusted during the rxm to keep variations in this parameter to a mini- 
mum. The estimated accuracy of the measurements is as follows: 
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Angle of attack, deg iO.l 

Velocity, ft/sec ±0.2 

Depth of submersion, in ±0.05 

Lift, lb ±0.25 

Drag, lb ±0.10 

Moment, ft-lb ±0.5 


Forces and moments were converted to the usual aerodynamic coef- 
ficients by using a measured value of the density of I .968 slugs per 
cubic foot. The kinematic viscosity measured during the tests was 

1.42 X 10“^ feet squared per second. 


RESULTS AND DISCUSSION 
Force Data 


The data obtained are presented in figures 2 to 4 as plots of lift, 
drag, and pitching moment about the trailing edge against angle of attack 
with speed as a parameter. Data are presented for each of the four 
depths investigated. 

The discontinuities in the drag curves at low angles of attack cor- 
respond to similar discontinuities noted in reference 1. The flow changes 
which cause these discontinuities were not visible during the running of 
the tests. At the high angles and. shallow depths, the discontiniiities 
in lift, drag, and moment curves are due to the presence of the planing 
bubble described in reference 1 . 


Visible Flow Changes and Their Effects 

Cavitation .- Cavitation at the leading edge occurred at high speeds 
for 8 lL 1 depths . These high speeds co^LLd be reached only at very low 
angles of attack; therefore, the effects of cavitation were not readily 
evident in the data plots. Figure 5 shows the effect of the fonnation 
of cavitation on the lift, drag, and moment coefficients for an angle 
of attack of 2° and a depth of 0.5 inch. The coefficients seem to have 
reached a fairly constant value when the cavitation started. As the speed 
increased, the cavitation became more severe and caused the lift coef- 
ficient to decrease and the drag coefficient to increase. The moment 
coefficient showed only a very slight change with increasing speed after 
the start of cavitation. These effects were the same as those found 
for the plates having aspect ratios of 1.00 and 0.25 (ref. 1). 

Ventilation .- The planing bubble occvtrred at the high angles and 
shallow depths as it had in the tests described in reference 1. Air 
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was observed to enter the trailing vortices back of the model. As the 
speed increased, the air proceeded forward along a helical path inside 
the vortices until it reached. the model; at that point, separation took 
place. This separation took the form of the planing bubble, an air bubble 
surrounded by a film of water in such a manner that no water touches the 
upper surface of the model. The white water which occvirred for the 
aspect-ratio-1.00 surface did not occur for the aspect-ratio-0.125 surface. 

The effect of the formation of the planing bubble on the lift, drag, 
and moment coefficients is shown in figure 6 for sm angle of attack of 
l6° and a depth of submersion of 0.5 inch. All three coefficients 
decreased as the speed at which th? planing bubble formed was approached. 
As the planing bubble formed, all three coefficients experienced a 
sharp decrease, primarily because of the loss of upper-surface lift. 

These effects are the ssune as those found for the plates having aspect 
ratios of 1.00 and 0.25. 

The ventilation boundary for the aspect- ratio-0. 125 flat plate at 
0.5- inch depth is shown in figure 7 where it is compared with the bo\ind^ 
aries for the plates having aspect ratios of 1.00 and 0.25. The bound- 
aries for the three aspect ratios are similar in shape but are displaced 
to higher speeds and higher angles with decreasing aspect ratio. 


Comparison With Data for Other Aspect Ratios 
in the Region of Undisturbed Flow 

The lift and drag characteristics on a coefficient basis for the 
three low-aspect-ratio sxurfaces at a depth of 6.0 inches are shown in 
figure 8, At this depth, the effect of the free surface on the charac- 
teristics is small. The nonlineajrity common to low-aspect-ratio surfaces 
is shown in the plot of lift coefficient against angle of attack. The 
lift coefficient for a given angle of attack decreases and the nonlinear- 
ity increases with decreasing aspect ratio. 

The curves of drag coefficient against lift coefficient indicate a 
slight decrease in drag coefficient for a given lift coefficient with 
increasing speed and a much greater decrease with the increase in aspect 
ratio. The lift-drag polars for the higher aspect ratios are presented 
only for a speed of 10 feet per second because the trends are the same at 
other speeds. The lift-drag ratios increase with increasing aspect ratio 
except for the very low lift- coefficient range where the drag discontinuity 
noted on the data plots apparently has a greater effect for the surfaces 
of aspect ratio 0.25 and 0.125; thus, the lift-drag ratios for these sur- 
faces become greater than those for the aspect-ratio-1.00 sxirface. 
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The effect of changing the depth of submersion on lift coefficient 
for the three aspect ratios is shown in figure 9. Values of the ratio 
of the lift coefficient at a given depth to the lift coefficient at a 
depth of 6.0 inches Cl/Cl^ are plotted against angle of attack with 

depth of submersion as a parameter in figure 9(a) and against depth of 
submersion for an angle of attack of 12° in figure 9(b) . The lift coef- 
ficient decreased as the free s\arface was approached, the decrement in 
lift coefficient becoming less as the aspect ratio was reduced. The 
reduction in the decrement of lift coefficient in going from an aspect 
ratio of 0.25 io an aspect ratio of 0.125 was considerably greater than 
that found in going from an aspect ratio of 1,00 to an aspect ratio of 
0.25. The loss in lift was greatest at the lower angles of attack for 
all three aspect ratios at all depths. The decrement in lift coefficient 
was considerably reduced as the angle of attack was increased to 12°, 
at which point it reached a minimum value and changed only slightly with 
further increase in angle of attack. 

The effect of changing the depth of submersion on drag coefficient 
is shown in figure 10 and is similar to the effect on lift coefficient 
in that the drag coefficient also decreased as the aspect ratio was 
reduced. The reduction in decrement in drag coefficient in going from 
aspect ratio 0.25 to aspect ratio 0.125 was about the same as that 
obtained in going from aspect ratio l.OO to aspect ratio 0.25. 

Inasmuch as the decrease in drag coefficient was less than the 
decrease in lift coefficient, the lift-drag ratio for all three aspect 
ratios decreased as the models approached the free water s\arface. At 
the depths investigated, the strut drag was small in relation to the 
total drag. It might be well to point out, however, that, as the depth 
increases, the strut drag naturally increases also; thus, at some depth, 
the lift-drag ratio will start to decrease with increasing depth. 

The fact that both the lift and the drag coefficients approach the 
values of the coefficients at a depth of 6.0 inches more or less asymp- 
totically indicates that at this depth the effects of the free s\arface 
may be considered negligible. 

The location of the center of pressure as a function of the angle 
of attack with depth of submersion as a parameter for the aspect-ratio-0.125 
flat plate is shown in figure 11. A comparison with similar plots presented 
in reference 1 for the surfaces having aspect ratios of 1.00 and 0.25 indi- 
cated that, in general, the rearward movement of the center of pressure 
with decreasing aspect ratio and the forward movement with decreasing 
angle of attack held for the three aspect ratios investigated. Changing 
the angle of attack had a much greater effect at the low angles, the 
center of pressure bccxarring forward of the leading edge at an angle of 
attack of 2° for all depths tested with the aspect-ratio-0.125 svurface. 

This effect indicates the presence of a suction force on the rear 



NACA TN 32k9 


7 


portion of the bottom of the model, or an increase in negative pressure 
on the upper sxirface near the leading edge, or both. 

For the higher aspect-ratio surfaces (ref. l), the center of pressure 
moved forward with decreasing depth of submersion for all angles of attack. 
For the aspect-ratio-0.125 surface, this trend held true only at angles 
below 8°; above 8°, the center of presstire moved reeirward with decreasing 
depth of submersion. 


Comparison With Theory 

In order to obtain an exact comparison between the data presented 
herein and aerodynamic theories, the tares and interferences would have 
to be eliminated) and corrections would have to be made to account for 
effects produced by the solid boundaries and by the finite depth of 
water in the tank. Mainly because of the low aspect ratio of the models 
and their small size compared with the tank dimensions, however, these 
factors have only a very slight effect on the lift and were therefore 
neglected. 

As pointed out in the previous section, the free bovmdary effects 
of the water surface were negligible at a depth of 6.0 inches. For this 
reason, a comparison of the lift characteristics at a depth of 6.0 inches 
with theoretical results from references 1 to 5 is presented in figure 12. 
The results of Falkner's linear theory (ref. 2) were obtained by using 
two vortices spanwise and three vortices chordwise for the half wing. 

The predicted values of this linear theory are much lower than the exper- 
imental values for all angles and represent only a fair approximation 
even for the very low angles. The nonlinear theories of Weinig (ref. 5) 
and Flax and Lawrence (ref. predict values which are also low when 

compared with the data but they represent a considerably better approxi- 
mation than the linear theory. The method presented in reference 1 which 
is a modification of Falkner's linear theory is in somewhat closer agree- 
ment with the data of this investigation except at the very high angles 
where this method predicts values considerably in excess of those actually 
achieved. The theory of Bollay (ref. 5) shows excellent agreement over 
the entire range of angles tested. 

The theory of reference 1 was developed to make possible the deter- 
mination of the lift at large depths and to provide a theory which would 
be amenable to possible modification by the method of images to account 
for the effects of the free water surface. Figure 15 presents a comparison 
of the lift predicted by this theory with tank data from the present tests 
and those of reference 1 and with wind-tunnel data (refs. 6 and 7). Agree- 
ment is excellent for aspect ratios of 1.00 and 0.25 for the entire range 
of angles investigated and is reasonable for aspect ratios of 0.125 up 
to an angle of l6° . It may be said, therefore, that this theory is accurate 
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for aspect ratios iDetween 0.125 and l.OOj thus, it may be considered 
for use as a base in order to determine a theory to predict the effects 
of the free water surface for aspect ratios in this range. 


CONCa^USIONS 


An experimental investigation has been conducted to determine the 
hydrodynamic force characteristics of an aspect-ratio-0.125 modified 
flat plate moimted on a single strut and operating at several depths of 
submersion. Conqparisons between these data and simlax data obtained 
previously on flat plates having aspect ratios of 1.00 and 0.25 and with 
various aerodynamic theories indicated that: 

Decreasing the aspect ratio for a given depth of submersion decreased 
the lift coefficient, the drag coefficient, and the lift-drag ratio and 
caused a rearward movement of the center of pressure. 

Decreasing the depth of submersion for a given aspect ratio decreased 
the lift coefficient, drag coefficient, and lift-drag ratio. The center 
of pressure moved forward with decreasing depth of submersion for all 
angles of attack for the plates having aspect ratios of 1.00 and 0.25 and 
for angles of attack below 8° for the aspect-ratio-0.125 plate. Above 8°, 
the center of pressure for the aspect-ratio-0.125 plate moved rearward 
with decreasing depth of submersion. 

Cavitation at the leading edge caused a gradual decrease in lift 
coefficient, a gradual increase in drag coefficient, and little change 
in moment coefficient. 

The ventilation boundaries defining the start of high-angle sepa- 
ration moved to hi^er speeds suid higher angles of attack as the aspect 
ratio was decreased. The planing-bubble type of high-angle separation 
caused a sharp decrease in lift, drag, and moment coefficients. 

The conqparison with the aerodynamic theories indicated that the 
theory of Bollay showed the greatest accuracy in predicting the lift for 
the aspect-ratio-0 ^125 surface. The theory obtained by modifying Falkner's 
vortex- lattice theory, which had shown good agreement at all angles for 
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aspect ratios of 1.00 and. 0.25, agreed with the data for aspect ratio 0.125 
except at emgles above l6° where the predicted lift proved to be too high. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., July 20, 1954. 
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Front view 


Figiire 1.- Details of the aspect-ratio-0.125 flat plate moianted on a 
single strut. Dimensions are in inches. 
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(a) Depth of submersion, 0-5 inch. 

Figure 2.- Lift on the aspect-ratio-0.125 flat plate. 
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(b) Depth of submersion, 1.0 inch. 


Figure 2.- Continued 
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(c) Depth of submersion, 5>0 inches. 


Figure 2.- Continued 
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(d) Depth of svibrnersion, 6.0 inches 
Figlire 2.- Concluded. 
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(a) Depth of submersion, 0.5 inch. 

Figiire 3.- Drag on the aspect-ratio-0.125 flat plate 





18 

17 

16 

15 

Ik 

13 

12 

11 

10 

S? 9 

8 

7 

6 

5 

k 

5 

2 

1 

0 


17 



(b) Depth of submersion, 1.0 inch. 


Figure 5*- Continued 
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(c) Depth of submersion, 5.0 inches. 


Figure 3.- Continued 
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(d) Depth of submersion, 6.0 inches. 


Figixre 3-- Concluded 
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(a) Depth of submersion, 0.5 inch. 

Figure 4.- Pitching moment on the aspect-ratio-0.125 flat plate. 
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(b) Depth of submersion, 1.0 inch. 
Figure 4 .- Continued. 
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(c) Depth of submersion, 3*0 inches. 
Figure i)-.- Continued. 
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(d) Depth of submersion, 6.0 inches 
Figure 4 .- Concluded. 






010 


2k 


NACA TN 5249 



L 


GO 

o 

o 


o 


o 


CsJ 

o 

o 


ui 


0 puB 




Figure 5»- Effect of the formation of cavitation on the force and moment 
characteristics for the aspect-ratio- 0.125 flat plate at an angle of 
attack of 2^ and a depth of submersion of 0.5 inch. 
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Figvire 6.- Effect of the formation of the planing bubble on the force 
and moment characteristics for the aspect-ratio-0.125 flat plate at 
an angle of attack of l6° and a depth of submersion of 0.5 inch. 







Figure 8.- The lift and drag characteristics of the low-aspect-ratio 
flat plates at a depth of 6.0 inches. 
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(a) Effect of angle of attack. 



(b) Effect of depth of submersion (angle of attack, 12°). 


Figure 9 *- The variation of the lift characteristics due to changing 

depth of submersion. 
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Figxire 12.- Comparison between experimental and theoretical lift coeffi- 
cients for the aspect-ratio-0.125 flat plate at a depth of submersion 
of 6.0 inches. 
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Figure 15*- Con^arison between the theory of reference 1 and experimental 
data for the low-aspect-ratio flat plates at a depth of submersion 
of 6,0 inches. 



